The human phosphoglycerate kinase (Pgk) gene family includes the functional, Intronless Pgk-2 gene and the intronless \phPgk-1 pseudogene, both of which are retroposons of the intron-containing Pgk-1 gene. The divergence of the Pgk-2 retroposon from Pgk-1 is compared with that of the 4>hPgk-1 retroposon from Pgk-1 to reveal nucleotide characteristics diagnostic of functional genes. A comparison of the human and mouse Pgk genes indicates that Pgk-2 has evolved more rapidly than Pgk-1 since the two genes diverged early in mammalian evolution, but that the lack of Introns in Pgk-2 may have diminished inter-exon variation. The hypothesis that codon bias is related to expression level is shown not to hold for the Pgk genes; however, the idea that a deficiency of TA and CG dinucleotides and an excess of TG and CT dinucleotides contributes to codon bias is supported. Finally, the hypothesis that the Pgk-2 retroposon initially included a copy of the Pgk-1 'housekeeping' promoter and subsequently evolved a tissue-specific promoter Is examined and supported. It Is concluded that this process Involved the loss of the 5' CpG island present in the Pgk-1 gene, and that selection for cell type-specific expression of Pgk-2 at high levels has driven the divergence of this retroposon from its progenitor, Pgk-1.
INTRODUCTION
Previous studies of human and mouse phosphoglycerate kinase (Pgk) genes indicate the mammalian Pgk gene family includes two functional loci, of which one (Pgk-1) is intron-containing and ubiquitously expressed, and the other (Pgk-2) is intronless and expressed only in spermatogenic cells (1 -4) . The Pgk-2 gene is a retroposon that arose by reverse transcriptase-mediated processing of a transcript from the Pgk-1 gene (1, 3, 5) . In the human genome an X-linked intronless pseudogene (\{/hPgk-l) has also been identified as a retroposon of the functional Pgk-1 locus (6) . The human Pgk gene family provides a novel system in which to compare the molecular evolution of genes that have diverged from a common progenitor and produce a functionally similar protein product, yet differ in whether or not they contain introns, whether or not they are expressed, and/or whether they are expressed at high or low levels.
The Pgk-1 gene is expressed at low levels in all mammalian cells that contain a transcriptionally active X chromosome, including somatic cells, oogenic cells and premeiotic spermatogenic cells (7) (8) (9) . In eutherian mammals, the Pgk-2 gene is specifically expressed at high levels in the one metabolically active cell type that lacks an active X chromosome, the meiotic/postmeiotic spermatogenic cell (1, 8) . The protein products of the two Pgk genes are functionally and structurally similar [10 & unpublished results (JRM) ]. Thus these two genes present a natural experiment in which the effects of the presence or absence of introns on the divergence of closely related, functional gene sequences can be directly compared.
The \phPgk-l pseudogene is not expressed and has evolved stop codons within the putative coding sequence (6) . Thus the functional Pgk-2 and non-functional \phPgk-l retroposons originated by the same retroposition mechanism ( Figure 1 ) and initially earned the same coding sequence, but have subsequently diverged from their common progenitor (Pgk-1) in the presence or absence, respectively, of selection at the protein level. A comparison of these sequences provides a direct test for characteristics at the nucleotide level that are diagnostic of divergence of functional versus non-functional genes.
The Pgk-2 gene originated during mammalian evolution prior to the divergence between eutherians and metatherians, approximately 125 million years (Myr) ago (7) . Nucleotide sequence characteristics indicate the Pgk-2 retroposon included a copy of the endogenous Pgk-1 5'-regulatory sequences, which facilitated the initial expression of this retroposon (5) . This implies that the Pgk-2 gene initially carried a 'housekeeping' promoter sequence that directed ubiquitous low-level transcription, and has subsequently evolved a cell type-specific promoter that directs high-level transcription. Thus this system provides a model for the evolution of cell type-specific regulation of a gene. The analysis presented here suggests that selection for high-level, cell type-specific expression in spermatogenic cells has been a primary influence directing the divergence of the Pgk-2 gene sequence from that of Pgk-1.
METHODS
Nucleotide sequence information for the mammalian Pgk genes has been previously published: human Pgk-1 (hPgk-1) (2,11-13), human Pgk-2 (hPgk-2) (1,5), human Pgk-1 pseudogene (\phPgk-l) (6), mouse Pgk-1 (mPgk-1) (4, 14) , mouse Pgk-2 (mPgk-2) (3). For the analyses reported here, this sequence information was stored, manipulated and compared using the MicroGenie sequence analysis program, version 6.0 (Beckman). This program was also used for homology determinations, codon usage summaries, determination of mononucleotide and dinucleotide frequencies, and G + C and A + T-nchness assessments. Statistical analyses of sequence information included a standard chi square test to estimate the significance of inter-exon variation within each Pgk gene (Table IV) . The exon borders for the hPgk-1 gene have been established by Michelson et al. (2) , and analogous 'exon regions' noted in the \phPgk-l (6) and hPgk-2 (1) retroposons. Chi square calculations were based on the actual number of similar and dissimilar nucelotides or amino acids, rather than the corresponding homology percentages.
A 'scaled chi square' analysis analogous to that described by Shields et al. (15) was used to calculate codon bias in each Pgk gene. A standard chi square statistic was calculated for variation within each set of synonymous codons, and that statistic was divided by the number of occurrences of the corresponding amino acid in each Pgk gene. Chi square calculations were based on the actual numbers of codons used in each case, rather than their relative frequency of use. The scaled chi square statistics were then compared using a standard sign test to determine if a significant difference in overall codon bias could be demonstrated among the Pgk genes. This analysis was designed to directly test the hypothesis that genes expressed at higher levels should exhibit a greater codon bias, thus a one-tailed probability test was applied. Table I . The X-linked \phPgk-J retroposon apparently arose subsequent to the divergence between humans and mice, since there is no X-linked pseudogene of Pgk in the murine genome (16, 17) , and the difference between the hPgk-1 and \phPgk-l nucleotde sequences is only 6%. Nevertheless, the \phPgk-J locus has already evolved two stop codons within the putative coding sequence that would preclude its encoding a functional phosphoglycerate kinase (6) . The hPgk-2 nucleotide sequence differs from that of hPgk-1 by 15%. Yet, consistent with its functional status, it has retained an open reading frame encoding a protein of 417 amino acids, exactly the same length as that encoded by the hPgk-l gene. Other indications that the divergence of hPgk-2 from hPgk-1 has been restricted by selection operating on a functional protein include: 1) a higher homology betweeen the hPgk-2 and hPgk-1 amino acid sequences than between the nucleotide sequences, 2) a disproportionately large percentage of the nucleotide sequence differences between hPgk-2 and hPgk-1 occurring at the third position in a codon, and 3) a significantly higher occurrence of synonymous versus nonsynonymous nucleotide substitutions (Table I) . In each case, the divergence of the \phPgk-l pseudogene from the hPgk-1 gene, which has occurred in the absence of any selection at the protein level, demonstrates the opposite pattern indicating that these characteristics are diagnostic of the divergence of functional versus non-functional genes. By contrast, the relative occurrence of transitions and transversions between either hPgk-2 or \phPgk-] and hPgk-1 is not diagnostically different.
RESULTS & DISCUSSION
The relative effect of selection at the protein level to restrict divergence of functional Pgk coding sequences is demonstrated in Table n. The overall homology of 85 % is represented equally throughout the coding sequences of hPgk-2 and hPgk-1, including in the first (5'-CS) and last (3'-CS) 60 bp of the coding sequence shown in Table II . Similarly the 94% homology between the putative coding sequence of \phPgk-] and the coding sequence of hPgk-1 is consistent throughout. In the latter case, this same approximate degree of homology extends into the flanking untranslated regions (5'-UT and 3'-UT), indicating no differential selection on the divergence of the non-functional coding sequence and that of the flanking sequences. However, there is a dramatic drop in the degree of homology between the first 60 bp upstream of the AUG start codons (5'-UT) in hPgk-2 and hPgk-1, as well as between the first 60 pb immediately downstream of the TAG stop codons (3'-UT). Thus, although both the Pgk-2 coding sequence and the flanking untranslated sequences were duplicated from the Pgk-l gene in the same retroposition event, selection at the protein level has acted to restrict the divergence of the coding sequence relative to that of the untranslated sequences. (19) , including the biochemistry of metabolic enzymes (20, 21) .
Effects of exon/intron structure on Pgk gene evolution
It has been suggested that exon/intron structure may have facilitated the evolution of many genes including Pgk-1 by mechanisms such as exon shuffling (2, 22, 23) . The mammalian Pgk genes provide an opportunity to assess the effect of exon/intron structure on gene divergence by comparing the variation between analogous exon sequences that are or are not separated by introns. A comparison of the divergence between exons of the hPgk-1 and mPgk-1 genes versus that between analogous exon-regions of the hPgk-2 and mPgk-2 genes (Table  IV) indicates the inter-exon variation is not significantly different than random in either case when analyzed by chi square (X 2 at the .05 level = 18.3 for 10 degrees of freedom). However, the chi square statistic calculated for the Pgk-1 genes (12.12) was higher than that calculated for the Pgk-2 genes (8.03), indicating that in this case more inter-exon variation evolved in the Pgk genes that posses introns than in those that do not. This is surprising since the overall difference between the coding sequences of the Pgk-1 genes is less than half that between the Pgk-2 genes.
Codon bias and expression levels of Pgk genes
A summary of codon use in the hPgk-1, \phPgk-l and hPgk-2 genes is presented in Table V. All three of these genes demonstrate a degree of codon bias. In bacteria, Drosophila and yeast a greater codon bias is found in genes expressed at high levels, and this bias conforms to that found in the charged tRNA pool, thus enhancing translational efficiency (15, (24) (25) (26) (27) (28) (29) . If similar selection affects mammalian genes, the hPgk-2 gene should demonstrate more codon bias than the hPgk-1 gene, since it is expressed at significantly higher levels, and the \j/hPgk-l pseudogene should have less codon bias than the hPgk-1 gene since the former is not expressed at all. However, the opposite is observed. Of 17 ammo acids for which a difference was noted, the hPgk-1 gene showed a greater codon bias than the hPgk-2 gene for 10, and the \phPgk-l gene showed a greater bias than the hPgk-1 gene for 12. This supports the suggestion that codon bias in genomes of vertebrates is not related to the relative expression levels of genes (27, 30) .
An alternate hypothesis to explain codon bias in vertebrate species has been proposed by Ohno (30, 31) . He suggests that a certain codon preference is the predictable consequence of the primordial periodic nature of coding sequences, and is not influenced by relative expression levels. Specifically, he has noted that this preference is based on an overall deficiency of TA and CG dinucleotides and a relative excess of TG and CT dinucleotides. Table VI shows the representation of each of the four individual bases, the A+T and G+C content, and the occurrence of each dinucleotide in each of the human Pgk genes. As predicted by Ohno's hypothesis, all three hPgk gene sequences contain a relatively high amount of the TG (x = 10.1 %) and CT (x = 7.7%) dinucleotides, and a relative paucity of the TA (x = 3.5%) and CG (x = 1.1%) dinucleotides compared with the expected average of 6.25%. Ohno (31) noted that one advantage of the deficiency of TA and CG dinucleotides in coding sequences is that they are effectively used in intergenic regulatory sequences. Indeed, the presence of CG dinucleotides in the promoter region of the hPgk-1 gene has resulted in its categorization as a 'CpG-island' gene, a characteristic of many ubiquitously expressed genes (32) . It is interesting to note that although mPgk-1 is also a CpG-island gene, the hPgk-1 and mPgk-1 promoter sequences are not otherwise highly conserved (48.0%- Table III ). This would suggest that the CpG-island is the primary regulatory feature in both Pgk-1 promoters and is sufficient to direct ubiquitous expression in both species. The hPgk-2 gene is dramatically different in this regard, having apparently lost its CpG island and become TA-rich in the 5'-flanking region (5) . This is the most striking difference between the hPgk-1 and hPgk-2 gene sequences, and appears to be a consequence of the evolution of cell type-specific expression of the hPgk-2 gene.
Divergence of Pgk promoter sequences
The suggestion that the Pgk-2 retroposon included a processed copy of the endogenous Pgk-1 promoter sequence (Figure 1 ) is based primarily on the presence of a GC-box in the hPgk-2 promoter, apparently in lieu of a TATA-box (5) . Although this is a common feature of many ubiquitously expressed housekeeping genes, it is not generally found in the promoters of cell type-specific genes This hypothesis predicts that the Pgk-2 retroposon was originally expressed ubquitously, and subsequently evolved cell type-specific expression. This is supported by the data in Table VII which show the relative tissuespecificity of Pgk-2 gene expression in metathenan and euthenan mammals (7). Thus, since its origin prior to the divergence of metatherian and eutherian mammals, the expression of the Pgk-2 retroposon has become increasingly tissue-and cell type-specific. This is presumably due to changes in the sequence of the promoter region, including the loss of the CpG island associated with the Pgk-1 gene promoter. A recent survey of available vertebrate gene sequences showed that genes which lack a TATA-box and possess a 5' CpG island are invariantly ubiquitously or widely expressed (32) . Although there are other examples of TATAless genes that are tissue-specific, there has been no report of a tissue-specific gene that both lacks a TATA-box and possesses a 5' CpG island (reviewed in 32). Thus, increasing selection during mammalian evolution for high-level expression of the Pgk-2 gene specifically in spermatogenic cells has apparently resulted in the elimination of the 5' CpG island from this locus.
Consequences of Pgk promoter divergence
CpG islands actually represent the absence of a CpG deficiency typically found throughout most vertebrate genomes, and are maintained by hypomethylation (33) . When methylated, cytosine tends to undergo deamination to thymine so that the CpG dinucleotide mutates to TpG and CpA (34) . Thus a predicted consequence of the elimination of a CpG island would be a relative excess of the TG and CA dinucleotides, and a relative paucity of the CG dinucleotide. This is observed in a comparison of the first 150 bp upstreatm from the transcriptional start sights in the hPgk-1 and hPgk-2 gene promoters. The hPgk-1 promoter contains 12.7% of the CG dinucleotide and 12.5% of the CA + TG dinucleotides combined. The hPgk-2 promoter contains only 2.7% of the CG dinucleotide and 15.4% of the CA + TG dinucleotides.
The elimination of the CpG island from the 5' region of the Pgk-2 gene may have influenced the coding region sequence as well. Ikemura et al. (27, 35) have shown that genes surrounded by relatively G+C-rich sequences (typically housekeeping genes) tend to have a higher G+C percentage at the third base position in codons than do genes surrounded by G+C-depleted sequences (typically tissue-specific genes). In the CpG island-containing Data from VandeBerg (7) hPgk-1 gene, 56% of the codons end in C or G. In the G+C-depleted hPgk-2 gene, 48% of the codons end in G or C. In the unexpressed \j/hPgk-l pseudogene, which has an overall G+C content intermediate between that of hPgk-1 and hPgk-2 (Table  VI) appearance of a second, autosomal Pgk gene in the genomes of metatherian and eutherian species, depletion of the X-linked Pgk-1 gene product during spermatogenesis could be tolerated. Thus selection for high-level, cell type-specific expression of the Pgk-2 gene could have come from a combination of increasing stringency of X-chromosome inactivation and/or more rapid depletion of Pgk-1 gene product in spermatogenic cells, and the absence of any selection for Pgk-2 expression in other cell types. An apparent consequence of this process was the loss of the CpG island structure in the Pgk-2 promoter, which may also have predisposed a bias for codons ending in A or T. A major question that remains is of what benefit inactivation of the X chromosome is to the process of spermatogenesis.
